INTRODUCTION
Melanogenesis is the biochemical pathway responsible for melanin synthesis. In mammals, three related and highly similar metalloenzymes, tyrosinase (monophenol dihydroxyphenylalanine : oxygen oxidoreductase, EC 1.14.18.1) and the tyrosinase-related proteins (tyrps) 1 and 2 are involved in the catalytic control of the process. Their cDNAs have been cloned and sequenced [1] [2] [3] [4] [5] [6] and, in the mouse, the corresponding genes have been mapped to the albino, brown and slaty loci, respectively. The amino acid -tyrosine is the metabolic precursor of the pigment. Tyrosinase catalyses the hydroxylation of -tyrosine and the oxidation of the intermediate -dopa to -dopaquinone (-DQ) [7] . -DQ is a reactive intermediate that, in the absence of thiol compounds, spontaneously undergoes cyclization and further rearrangement, yielding -dopachrome [8] . tyrp2 (dopachrome ∆#,∆(-isomerase, EC 5.3.3.12), also called dopachrome tautomerase, catalyses the tautomerization of dopachrome into the more stable intermediate 5,6-dihydroxyindole-2-carboxylic acid (DHICA) [9, 10] . tyrp1 from mouse melanocytes has been reported to be a low-specific-activity tyrosinase isoenzyme with both tyrosine hydroxylase and dopa oxidase activities [11, 12] . Moreover, this enzyme catalyses the oxidation of DHICA [13, 14] , thus promoting its incorporation into the eumelanin polymer. Therefore, in mouse melanocytes, the eumelanogenic pathway proceeds as shown in Scheme 1.
In spite of their extensive sequence similarities (40 % amino acid identities and approx. 70 % amino acid homologies), tyrosinase and tyrp1 display dramatic differences in their kinetic parameters and substrate specificities, at least in the murine system [11] , where the enzymic capabilities of the melanogenic enzymes are better characterized. We have previously reported
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celerate DHICA consumption, thus raising the question of DHICA metabolism in human melanocytes. Here we have used two different approaches, comparison of the catalytic activities of human melanocytic cell lines expressing the full set of melanogenic enzymes or deficient in TYRP1, and transient expression of TYR and tyr genes in COS7 cells, to demonstrate that human tyrosinase actually functions as a DHICA oxidase, as opposed to the mouse enzyme. Therefore, human tyrosinase displays a broader substrate specificity than its mouse counterpart, and might be at least partially responsible for the incorporation of DHICA units into human eumelanins.
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that purified tyrosinase and tyrp1 from mouse melanoma have different K m values for both -tyrosine and -dopa substrates, as well as different requirements for the cofactor -dopa needed in the hydroxylation of -tyrosine. In addition, even though mouse tyrp1 is able to recognize DHICA and transform it into the corresponding quinone [13, 14] , mouse tyrosinase does not display significant DHICA oxidase activity.
On the other hand, the kinetic properties of the human melanogenic enzymes are less well characterized, probably due to the difficulty in obtaining enough biological material to attempt their large-scale purification. Some of the reported studies, performed either with relatively crude extracts or with purified enzyme preparations, have pointed out important similarities between the mouse and human melanogenic enzymes [15, 16] . Therefore, it has been generally assumed that their kinetic behaviour should be very similar [17] , and results obtained with the murine model are often extrapolated to human melanocytes. However, recent data suggest that the catalytic properties of the human and mouse melanogenic enzymes could display significant differences. For instance, affinity-purified human TYRP1 appears to possess tyrosine hydroxylase, but not dopa oxidase activity [18] . Interestingly, it has been reported recently that TYRP1 seems also unable to oxidize DHICA [19] . Accordingly, the human protein might share the tyrosine hydroxylase activity with the mouse enzyme, but might miss the o-diphenol and dihydroxyindole oxidase activities of murine tyrp1. On the other hand, DHICA monomers are actually incorporated into natural human melanin [20, 21] , and a DHICA converting activity has been attributed to human tyrosinase (TYROSINASE) expressed in fibroblasts [22] . However, this activity was determined from DHICA consumption experiments, and the reaction product was not characterized. These observations raise the possibility that TYROSINASE might recognize and oxidize DHICA, accounting for its incorporation into the melanin biopolymer. In any case, the catalytic properties of human and mouse tyrosinases could display subtle differences, but a comparison of the two enzymes, under identical experimental conditions, has not yet been performed.
Owing to the low availability of human melanogenic tissues, the purification of TYROSINASE and TYRP1 is hardly feasible. Alternative and complementary strategies to study their substrate specificities and kinetic behaviour are (i) comparison of the kinetics of the TYROSINASE and\or TYRP1 reactions in extracts from human melanoma cell lines expressing the complete set of melanogenic enzymes or defective in one or more of the proteins, a frequent situation in human melanoma cells [23] [24] [25] and (ii) expression of the corresponding genes in non-melanocytic cells, to avoid of possible interferences from other melanogenic proteins.
Using two melanoma cell lines expressing TYROSINASE, TYRP1 and dopachrome tautomerase, and one cell line defective in TYRP1, we have analysed the ability of the human enzymes to use DHICA as substrate. We show that extracts from human melanoma cells lacking TYRP1 are able to oxidize and metabolize DHICA. Moreover, at low concentration, DHICA acts as a cofactor for their tyrosine hydroxylase activities, whereas at higher concentrations, it inhibits tyrosine hydroxylation. Regarding the second approach, extracts of COS7 cells transiently transfected with the human TYR gene display DHICA oxidase activity, but those transfected with the mouse tyr gene do not. Overall, these results show that human TYROSINASE, as opposed to the mouse enzyme, is able to carry out DHICA oxidation and to promote the incorporation of carboxylated dihydroxyindoles into the eumelanin polymer.
EXPERIMENTAL Reagents
The radioactive substrate -[3,5-$H]-tyrosine, specific activity 50 Ci\mmol, was obtained from Amersham Pharmacia Biotech (Little Chalfont, Bucks, U.K.). DHICA was a gift from Professor S. Ito (Fujita Health University, Toyoake, Japan). The specific αPEP1 and αPEP7 antisera, recognizing the C-terminal cytosolic extension of mouse tyrp1 and tyrosinase respectively, were a kind gift from Dr V. Hearing (National Institutes of Health, Bethesda, MD, U.S.A.). Electrophoresis and Western-blotting reagents and materials were from Bio-Rad (Hercules, CA, U.S.A.), unless otherwise specified. Reagents and plasticware for cell culture were obtained from either Nunc (Roskilde, Denmark) or Gibco (Gaithersburg, MD, U.S.A.). Other reagents were from Sigma (St. Louis, MO, U.S.A.), Merck (Darmstadt, Germany) or Prolabo (Barcelona, Spain).
Cell culture and preparation of crude solubilized extracts
Human melanoma cells were grown in Ham's F12 medium supplemented with 1 % streptomycin, 1 % penicillin, 1 % kanamycin, 2 % ultroser and 10 % fetal calf serum. The three lines, HBL, SCL and BEU, were originally established in the laboratory of Dr G. Ghanem (Laboratoire d 'Oncologie et Chirurgie Experimentale, Brussels, Belgium) [23, 24] . B16 mouse melanoma cells were cultured as described previously [26] . Cells were seeded in 75 cm# flasks at a density of 5i10& cells\flask, and allowed to grow to approx. 80 % confluence. Cells were harvested by trypsin treatment, washed twice with PBS, and solubilized in 10 mM sodium phosphate, pH 6.8, containing 1 % Igepal CA-630, 0.1 mM EDTA and 0.1 mM PMSF using approx. 1 ml of solubilization buffer\10( cells. The extracts were then centrifuged at 20 000 g for 30 min to remove particulate material. The cleared supernatants were used for enzyme activity determinations. B16 mouse melanoma tyrosinase was purified from solid tumours maintained in C57\Bl mice as described previously [11, 13] .
Enzyme activity determinations
Tyrosine hydroxylase activity was determined by a radiometric method described elsewhere [27] . One unit was defined as the amount of enzyme catalysing the hydroxylation of 1 µmol of -tyrosine\min, in the presence of a 50 µM concentration of the substrate and 10 µM -dopa as cofactor.
Dopa oxidase activity was measured spectrophotometrically in the presence of 3-methyl-2-benzothiazolinone (MBTH), as described by Winder and Harris [28] with minor modifications, using final concentrations of -dopa and MBTH of 3.0 and 3.25 mM, respectively.
DHICA oxidase activity was determined by either one of three complementary methods : (i) HPLC determination of DHICA consumption [13] , (ii) spectrophotometric quantification of the formation of a coloured adduct of 5,6-indolequinone-2-carboxylic acid (IQCA) and MBTH [13, 14] , and (iii) spectral evolution of DHICA solutions in the UV\visible range in the presence of enzyme extracts [13] . DHICA was dissolved in 10 mM sodium phosphate buffer, pH 6.0, containing 0.1 mM EDTA to minimize spontaneous or metal-ion-catalysed oxidation.
Electrophoretic procedures
Analytical SDS\PAGE was performed as described in [11] , in 12 % acrylamide gels, but without 2-mercaptoethanol and heat-ing to preserve tyrosinase activity. Samples were mixed in a 2 : 1 ratio with sample buffer (0.18 M Tris\HCl, pH 6.8\15 % glycerol\0.075 % Bromophenol Blue\9 % SDS), and electrophoresis was run at 4 mC. A highly sensitive and specific dopa oxidase activity stain was carried out by equilibrating the gels at pH 6.0 with 50 mM sodium phosphate buffer, followed by incubation at 37 mC in 1.5 mM -dopa\4 mM MBTH, in 10 mM phosphate buffer, pH 6.8, from 15 to 30 min [29] .
Immunochemical techniques
SDS\PAGE gels were run as described above, except for the presence of 2-mercaptoethanol in the sample buffer. Transfer to PVDF membranes (PolyScreen, NEN, Boston, MA, U.S.A.) was done in a semi-dry unit, and checked by Coomassie Brilliant Blue staining of the gel. For detection of tyrosinase with αPEP7, filters were blocked with 1 % low-fat dry milk (LFDM) in PBS, maintained for 1 h at room temperature and incubated overnight with a 1 : 1000 dilution of αPEP7 in binding buffer 1 (10 mM Tris\HCl, pH 7.5\140 mM NaCl\5 % LFDM). Membranes were washed three times for 5 min with washing buffer 1 (10 mM Tris\HCl, pH 7.5\140 mM NaCl\0.5 % LFDM\0.5 % Tween 20). Following incubation with a peroxidase-labelled secondary antibody (from Chemicon, Temecula, CA, U.S.A. ; 1 : 2500 dilution in binding buffer 1), the filters were washed four times with washing buffer 1. For detection of TYRP1 using αPEP1 (final dilution of 1 : 100), a similar procedure was employed, but the antibody-binding buffer was PBS containing 1 % BSA, 0.1 M NaCl and 0.2 % Tween 20. Staining was done with a chemiluminescent substrate (Amersham Pharmacia Biotech), or with 3,3h-diaminobenzidine (0.6 mg\ml), CoCl # (0.03 %) and
Transient expression of human and mouse tyrosinase in COS7 cells
Expression constructs for human and mouse tyrosinases were prepared in the pcDNA3 expression vector (Invitrogen, Groningen, The Netherlands). For mouse tyrosinase, cDNA from B16 cells was obtained as described elsewhere [30] , and amplified by PCR, using the proofreading Pfu polymerase (Stratagene, La Jolla, CA, U.S.A.) and the following primers, 5h-TGA-TGAATTCGAGAAAATGTTCTTGGCTGT-3h (forward) and 5h-GTTTTCTAGAATGTTCACAGATGGCTCTGA-3h (reverse), encompassing the start and stop codons (shown in bold), and containing added EcoRI and XbaI restriction sites (underlined). Amplification reactions yielded two products of different sizes that were cloned into pBluescript KS II (Stratagene, Heidelberg, Germany) using the restriction sites mentioned above. The identity of the products was verified by complete sequencing. The major band, of higher molecular size, was identical with the published wild-type sequence of the mouse enzyme ( [31] , GenBank accession number D00440). The minor band, of smaller size, corresponded to an alternative splicing variant whose occurrence has been reported by others [32] . This form, called ∆3tyr, lacks exon 3, between positions 1037 and 1184 of the coding sequence, thus generating a frameshift and a premature stop codon. Since the corresponding 390-amino-acid product is enzymically inactive due to the lack of the second copper-binding site, it was used as a negative control for all determinations of enzyme activity in transfected cells. For human TYROSINASE, the pMEL34 construct [33] , obtained from the ATTC (Rockville, MD, U.S.A.) was used as target in PCR reactions using primers 5h-GGACAAGCTTAAGAATGCTCCTGGCTGTTT-3h (forward) and 5h-CAGGTCTAGAGGCCCTACTCTATTGCCTA-A-3h (reverse), encompassing the complete reading frame of the TYR gene and containing added HindIII and XbaI restriction sites (underlined) for cloning into pBluescript. The cloned product was sequenced and found to match exactly the sequence published for the TYR gene (GenBank accession number M27160) except for a C\A change at position 575 that corresponds to an already identified polymorphism [34] . The tyr (mouse, full-length tyrosinase), ∆3tyr (mouse, inactive alternatively spliced tyrosinase) and TYR (human, full-length tyrosinase) genes were subcloned into pcDNA3, and used to transfect COS7 cells with the Superfect reagent (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Cells were trypsinharvested 24 h after transfection and processed for enzyme activity determinations or Western blotting as described above.
RESULTS

Melanogenic activities in TYRP1-positive and -negative human melanoma cells
The tyrosine hydroxylase, dopa oxidase and dopachrome tautomerase activities in three human melanoma cell lines (BEU, HBL and SCL) are shown in Figure 1 (A). All the cell lines displayed significant levels of the three activities. Since BEU, HBL and SCL cells have been reported to express the TYR gene, but Northern-blot analysis of BEU cells suggests them to be TYRP1-negative [23] , we wished for confirmation of these data at the protein and mRNA levels. The occurrence of enzymically active TYROSINASE protein was analysed by non-reducing SDS\ PAGE followed by dopa oxidase activity stain [29] . As shown in Figure 1 (B), human melanoma cells yielded a single tyrosinase activity band, whose electrophoretic mobility was identical in all cases, but markedly lower than the one of purified B16 melanoma tyrosinase. Expression of TYRP1 protein was analysed by Western blotting, with the mouse tyrp1-directed αPEP1 antiserum ( Figure 1C ). This antiserum reacts with an epitope located in the C-terminal pentadecapeptide of tyrp1. Although αPEP1 has been shown by others to be specific for the mouse enzyme, the conservation of 10 out of 15 amino acids between the mouse and the human C-terminal sequences appeared to confer on the antiserum a significant affinity for the human protein. Therefore, the antiserum could be used to detect TYRP1, under high-concentration conditions, to compensate for the lower affinity as compared with the mouse protein. αPEP1 reacted with a protein of approx. 75 kDa in extracts from SCL and, to a lesser extent, HBL cells, but not from BEU cells or human fibroblasts, thus proving the specificity of antibody binding under the experimental conditions employed to detect the human protein. Lack of expression of TYRP1 in BEU cells was further confirmed by reverse transcriptase PCR, using primers designed to amplify the complete coding sequence of the gene ( Figure 1D ). No amplification products were obtained with cDNA synthesized from total RNA extracted from BEU cells. However, an amplicon of the expected size (about 1.6 kb) was detected using cDNA from HBL cells as a positive control. Therefore, it is clear that BEU cells possess tyrosine hydroxylase, dopa oxidase and dopachrome tautomerase activities in the absence of TYRP1.
DHICA consumption by human melanoma cell extracts proceeds with oxidation and accelerated melanin formation
We compared the TYRP1-positive HBL and SCL cells, and the TYRP1-negative BEU cells, for their ability to metabolize DHICA. Extracts from each cell line were incubated at 37 mC with 0.5 mM DHICA, under conditions of comparable catalytic dopa oxidase activity, and residual levels of DHICA were determined at different reaction times by HPLC. DHICA consumption by BEU extracts was low but detectable and significantly different (P 0.001) from the blank (Figure 2 ). The HBL and SCL cell lines, expressing the complete set of melanogenic enzymes, exhibited a higher DHICA consumption activity. These data prove that DHICA is metabolized by human melanoma cell extracts, either in the presence or absence of TYRP1, but do not inform as to the nature of the reaction products. Therefore, experiments were carried out to establish whether DHICA consumption proceeds by oxidation and incorporation into melanins. The evolution of DHICA solutions in the presence of human melanoma cell extracts was followed spectrophotometrically. Extracts from the three human cell lines accelerated eumelanin formation from DHICA, as measured by an increase in absorbance at 550 nm ( Figure 3A) , a wavelength indicative of dihydroxyindole dimers and pigment formation [35] . For comparable amounts of extract, the effect was faster for SCL cells, and comparable for BEU and HBL cells. In all cases, a lag phase was detected. This might correspond to initial trapping of the DHICA-derived quinone, IQCA, by thiol groups and other reactive nucleophiles present in the extract that would prevent dimer formation until they are exhausted. The decay in absorbance at 550 nm observed for SCL extracts after long incubation times is probably due to an accelerated progression of dihydroxyindole dimers to oligomers and polymeric species, resulting from the high melanogenic activity found in this cell line (see Figure 1A ). This progression causes a darkening of the solution, and renders the absorbance peak centred at 550 nm flatter and lower [35] . Comparable catalytic amounts of purified B16 melanoma tyrosinase did not accelerate the spectral evolution of DHICA solutions (results not shown). This inability of mouse tyrosinase to accelerate DHICA evolution is fully consistent with previous reports from our group [13] .
Although melanin formation should proceed through the oxidation of the corresponding precursors, we wished for direct confirmation of IQCA production by using the quinone-trapping reagent MBTH [13, 14, 28] . This experiment was performed with BEU cells to avoid possible interference from TYRP1. Figure  3 (B) shows that BEU extracts catalysed the formation of a coloured adduct, in the presence of DHICA and MBTH. The absorption spectrum of this product was very similar to the one of the DQ-MBTH adduct [13, 28] . Overall, these results prove that DHICA can be oxidized and incorporated into a melanin polymer by human melanocyte extracts completely lacking
Figure 2 HPLC demonstration of DHICA consumption by human melanoma cell lines
Reaction mixtures containing 0.5 mM DHICA and amounts of extracts from HBL, BEU and SCL cells with comparable dopa oxidase activities (1.8, 1.1 and 1.0 m-units respectively) were incubated at 37 mC. The residual concentration of DHICA was analysed by HPLC at the times shown. A blank performed in the absence of cell extract is also shown to illustrate relative DHICA stability.
TYRP1, yet they do not demonstrate that TYROSINASE is the enzyme responsible for DHICA oxidation.
DHICA is recognized by TYROSINASE from human melanoma cell extracts
In order to obtain further evidence proving that DHICA is actually recognized by TYROSINASE, we analysed its ability to act as a cofactor and\or an inhibitor of tyrosine hydroxylation, using extracts from HBL and BEU cells as a source of enzyme. First, tyrosine hydroxylase activity was measured in the presence of 10 µM -dopa as cofactor, and of comparatively high concentrations of DHICA. As shown in Figure 4 , the tyrosine hydroxylase activity of extracts from both cell lines was decreased in the presence of DHICA concentrations higher than 250 µM. The inhibition was concentration-dependent and even higher for the TYRP1-negative BEU cells.
On the other hand, it is well known that the tyrosine hydroxylation reaction catalysed by tyrosinases from different sources displays a prolonged lag phase in the absence of appropriate cofactors [7, 11, 12] . The ability of -dopa (either exogenous or generated in situ by disproportion between -DQ and -cyclodopa, as shown in Scheme 1) to act as a cofactor is attributed to the recruitment of met-tyrosinase to the active oxy form, upon oxidation of the diphenol [36] . Therefore, dihydroxy compounds serving as substrates for tyrosinase should be able to substitute -dopa as a cofactor for the tyrosine hydroxylase reaction. According to this rationale, we measured the rate of tyrosine hydroxylation by human melanoma cell extracts in the presence of DHICA as putative cofactor, using reaction mixtures devoid of -dopa and with various concentrations of DHICA. The results were compared with those found in standard con- ditions, in the presence of 10 µM -dopa and in the absence of DHICA ( Table 1) . As expected, extracts from the three cell lines exhibited very low tyrosine hydroxylase activity in the absence of DHICA or -dopa. In the presence of DHICA, the tyrosine hydroxylase activity increased in a concentration-dependent manner. The ability of DHICA to serve as a cofactor was similar for the three cell lines, irrespective of the presence or absence of TYRP1. However, DHICA was less efficient than -dopa, since a 100 µM concentration of the dihydroxyindole only achieved about 40 % of the activity obtained with 10 µM dopa. Higher
Figure 4 Inhibition by DHICA of the tyrosine hydroxylase activities of extracts from TYRP1-positive (HBL, ) or -negative (BEU, >) human melanoma cells
The tyrosine hydroxylase activities of extracts from HBL () or BEU (>) were measured in the presence of 10 µM L-dopa as cofactor, 50 µM L-tyrosine and increasing concentrations of DHICA. Results (meansprange, n l 2) are expressed as residual activity with respect to controls performed in the absence of DHICA.
Table 1 Ability of DHICA to act as cofactor of the tyrosine hydroxylase activity of human melanoma cell extracts
The tyrosine hydroxylase activity of human melanoma cell extracts was measured in the presence of 50 µM L-tyrosine and of the indicated concentrations of DHICA, but in the absence of L-dopa. Results are expressed as a percentage of the activity achieved with 10 µM L-dopa as cofactor, which was determined in parallel assays, in the absence of DHICA (meansprange, n l 2). Incubations were performed at 37 mC for 90 min.
DHICA (µM)
Maximal tyrosine hydroxylase activity (%) concentrations of DHICA were not tested, since, as shown above, they inhibit the rate of tyrosine hydroxylation.
DHICA is oxidized by TYROSINASE transiently expressed in COS7 cells
The results shown thus far prove that the TYRP1-negative BEU cells are able to catalyse DHICA consumption, most likely by an oxidative mechanism, and that DHICA is able to interact with TYROSINASE. These observations strongly suggest that TYROSINASE is the enzyme responsible for DHICA consumption. However, further possibilities, like the involvement of other melanogenic protein(s) cannot be ruled out. In fact, evidence has been presented by others pointing to a possible role of the sil er locus protein in DHICA metabolism [37, 38] . In an attempt to unambiguously demonstrate the ability of TYRO-SINASE to transform DHICA, and to characterize the reaction product, we transfected COS7 cells with the human TYR and mouse tyr genes. Efficient expression of the TYROSINASE and tyrosinase proteins was ascertained by determination of the tyrosine hydroxylase and dopa oxidase activities of cell extracts and by Western
Table 2 Melanogenic activities in COS7 cells transiently transfected with the human (TYR) and mouse (tyr) genes
Results are the meansprange for two independent transfection experiments. All measurements were performed under the standard conditions described in the text with blanks performed with an amount of total protein equivalent to that of the samples, but from COS7 cells transfected with the enzymically inactive ∆3tyr. DHICA oxidase units were calculated from the ∆A 490 in the presence of MBTH, by assuming a molar absorption coefficient for the IQCA-MBTH adduct identical with the one of DQ-MBTH [13] . blotting, using the tyrosinase-directed αPEP7 as primary antiserum (Table 2 and Figure 5A ). Extracts from tyr-transfected cells displayed two major immunoreactive bands with apparent molecular masses of 52 and 63 kDa, and two minor bands of higher sizes, approx. 147 and 169 kDa. The 52 and 63 kDa bands probably correspond to the de no o form and mature, glycosylated form, respectively. The higher-molecular-mass forms are, most probably, aggregation products. The presence of aggregated forms of mammalian tyrosinases in SDS\PAGE has already been reported [11, 17] . Conversely, extracts from TYR-transfected cells showed a single 58 kDa band. Its lower intensity, as compared with the mouse gene product, was reproducibly observed in two independent transfection experiments. This might reflect a lower transfection efficiency, a less efficient translation, and\or a lower affinity of the tyrosinase-directed αPEP7 towards the human enzyme. In any case, COS7 cells transfected with the TYR gene displayed sufficient enzymic activity levels for accurate analysis (Table 2 ) within the range of those reported for B16 melanocytes [11, 26] .
Spectrophotometric analysis of DHICA evolution demonstrated that crude extracts from cells transfected with the human gene accelerated DHICA disappearance. The product formed was IQCA, as shown by formation of a coloured adduct with MBTH, monitored at 490 nm ( Figure 5B ). Again, mouse tyrosinase failed to oxidize DHICA to IQCA, according to the MBTH assay, even if present in catalytic amounts more than 10-fold higher than TYROSINASE, in terms of dopa oxidase activity, thus confirming previous reports [13, 14] . Finally, the tyrosine hydroxylase activity of TYROSINASE, measured with a 10 µM concentration of the cofactor -dopa, was inhibited by DHICA in a concentration-dependent manner ( Figure 5C ). This inhibition was even more potent than for human melanoma cell extracts. Surprisingly, a similar inhibition was also observed for the mouse protein.
DISCUSSION
Natural eumelanins are heterogeneous polymers containing monomeric units derived from both DHICA and 5,6-dihydroxyindole (DHI), the product of the spontaneous decarboxylation of dopachrome [39] . The relative proportions of DHICA-derived carboxylated units and DHI-derived decarboxylated monomers vary widely from one type of natural pigment to another [20, 40] . Although rodent pigments seem richer in DHICA, the contents of these units in human pigments is nonetheless high, accounting for up to 20 % of the total monomers [20] . The presence of a carboxy group in DHICA-derived monomers is believed to have a strong effect on the properties of the pigment. DHICA-rich melanins might have a higher chelating capacity, and, owing to the limitation of the number of polymerization positions available in the indole ring, they are thought to be smaller, more ordered and lighter in colour than DHI-rich pigments [41] [42] [43] . Therefore, the question of DHICA metabolism and incorporation into melanin in mammalian melanocytes is physiologically relevant.
In mouse melanocytes, DHICA is formed by the dopachrome tautomerase-catalysed tautomerization of -dopachrome [5, 9] , and its incorporation into melanin is accounted for by oxidation to the corresponding and unstable quinone by tyrp1 [13, 14] . Moreover, in addition to the proven ability of mouse tyrp1 to oxidize DHICA, the melanosomal protein derived from the sil er locus could also be involved in DHICA metabolism by still uncharacterized mechanisms [37, 38] . The situation is less clear in human melanocytes. In spite of extensive sequence similarity with its mouse counterpart, TYRP1 has been reported to lack DHICA oxidase activity [19] , and DHICA consumption is catalysed by extracts from a human cell line completely lacking expression of TYRP1 [19] . Moreover, a DHICA-converting activity has been demonstrated for TYROSINASE, whose tyrosine hydroxylase activity is, in addition, inhibited by DHICA [22] . These data suggest that DHICA metabolism in human melanocytes can be accounted for by a TYRP1-independent, TYROSINASE-catalysed oxidation of the carboxylated dihydroxyindole. However, this hypothesis has not yet been demonstrated, since the experiments reported so far describe DHICA consumption rather than DHICA oxidation, and\or have been performed in systems where possible interference from other melanogenic proteins, such as the sil er locus product, cannot be ruled out.
The results presented herein confirm the differences in catalytic activities of mouse and human melanogenic enzymes suggested by others [19, 20] , and that DHICA consumption can be catalysed by extracts from human melanocytes lacking TYRP1. Moreover, the tyrosine hydroxylase activity of TYROSINASE expressed in non-melanocytic cells is inhibited by DHICA and the enzyme is able to catalyse DHICA consumption. In addition, we have shown that (i) DHICA consumption by human melanoma cells is accompanied by melanin formation, (ii) DHICA can partially substitute -dopa as a cofactor of the tyrosine hydroxylase activity of TYROSINASE, irrespective of the presence or absence of TYRP1, and, more conclusively, (iii) DHICA is an authentic substrate of TYROSINASE, since it is oxidized to its quinone by human melanoma cell extracts lacking TYRP1 and by TYROSINASE expressed in COS7 cells. In this latter system, no interference by other DHICA-metabolizing melanocytic proteins, particularly the sil er locus product [37, 38] , is expected. Overall, these observations prove clearly that TYROSINASE recognizes and oxidizes DHICA, thus promoting its incorporation into the melanin polymer.
The DHICA oxidase-specific activity of TYROSINASE, although easily detectable, appears low and probably smaller than the one of mouse tyrp1 [13, 14] . In fact, it is within the range of the rate-limiting tyrosine hydroxylase activity, thus raising the question of its relevance in human cells. However, dopachrome tautomerase activity is also lower in human than in mouse melanocytes [44] . Thus the small DHICA oxidase activity of the human enzyme could be sufficient to oxidize DHICA under conditions of low production of the dihydroxyindole. The lower dopachrome tautomerase and DHICA oxidase activities in human cells would therefore account for the observed differences in composition of the rodent and human pigment [20, 40] . However the data presented in Figures 3(B) and 5(B) show that BEU cell extracts are more efficient in catalysing the oxidation of DHICA than equivalent catalytic amounts (in terms of dopa oxidase activity) from TYR-transfected COS7 cells. This observation raises two possibilities. First, the catalytic efficiency towards DHICA might be lower for transiently expressed TYROSINASE than for the enzyme obtained from the melanocyte, probably as a result of a different intracellular processing. Second, melanocyte extracts might contain still uncharacterized factors catalysing DHICA oxidation, and\or co-operating with TYROSINASE to increase its DHICA oxidase activity. Both possibilities are currently being analysed in our laboratory.
A second, and related, question refers to the actual enzymic capabilities of TYRP1. Our results prove that the ability of human melanoma cell extracts to metabolize DHICA correlates approximately with their tyrosine hydroxylase and dopa oxidase activities, being the highest for SCL cells and the lowest for BEU cells. Therefore, the DHICA-converting activity of human melanocytes appears to correlate with their TYROSINASE contents. This suggests, but does not prove, that TYRP1 contributes little, if any, DHICA oxidase activity, consistent with previous reports of its lack of DHICA-converting activity [19] . Moreover, in human melanoma cell extracts, only a single activity band was detected in SDS\PAGE gels stained for dopa oxidase activity, even in highly overloaded gels. Conversely, two well-resolved bands, thought to correspond to tyrosinase and tyrp1, are usually found in mouse melanoma cells [11, 13] . From the Western blots of TYRP1 ( Figure 1 ) and TYROSINASE expressed in COS7 cells (Figure 5) , the difference in molecular mass for the two human proteins appears high enough to reasonably expect their electrophoretic separation, even under the non-reducing conditions employed for activity stains. Therefore, the finding of a single activity band in human melanoma cell extracts suggests that TYRP1 lacks dopa oxidase activity, as reported by others [18] . However, other possibilities such as a low residual dopa oxidase activity or a low stability in solubilized extracts cannot be ruled out. In any case, the available evidence suggests that TYRP1 should be, at the least, less catalytically efficient than mouse tyrp1. Accordingly, its role might be more directly related to an ability to interact with and stabilize tyrosinase [45, 46] . Consistent with this, BEU cells displayed the lowest tyrosinase activity among the human melanoma cells employed in this study.
Finally, DHICA was found, surprisingly, to inhibit the tyrosine hydroxylase activity of mouse tyrosinase, in spite of the complete inability of the enzyme to catalyse its oxidation. A competitive inhibition of TYROSINASE tyrosine hydroxylase activity by DHICA was expected, based on our observation that DHICA is a substrate for the enzyme and on previous data [22] . Since DHICA binds to the mouse enzyme without being oxidized, it appears that the structural determinants responsible for ligand binding are more conserved between the human and mouse proteins than those involved in substrate transformation. The active site of tyrosinases is composed of two Cu-binding sites, designated Cu(A) and Cu(B) [8, 36] . Both sites are located far apart in the primary structure of the protein, but come close enough to bind oxygen through the two copper atoms, as a result of the tridimensional folding of the molecule [47] . Interestingly, the amino acid sequence of the Cu(B) binding site is identical in the mouse and human enzymes, except for a F\Y change at position 369. However, in spite of extensive overall sequence similarity (approx. 78 %), four out of 32 amino acids in the Cu(A) site are different in human and murine tyrosinase ( Figure  6 ). The possible functional effects of these differences have not yet been assessed, but it is interesting to speculate that the structural determinants for DHICA binding and substrate recognition could be located in the highly conserved Cu(B) site. Conversely, the more divergent Cu(A) site could be involved in the different catalytic potentials of the murine and human enzyme. This possibility is being analysed by site-directed mutagenesis of selected residues located in both sites.
